Introduction-Oral delivery of therapeutics, particularly protein-based pharmaceutics, is of great interest for safe and controlled drug delivery for patients. Hydrogels offer excellent potential as oral therapeutic systems due to inherent biocompatibility, diversity of both natural and synthetic material options and tunable properties. In particular, stimuli-responsive hydrogels exploit physiological changes along the intestinal tract to achieve site-specific, controlled release of protein, peptide and chemotherapeutic molecules for both local and systemic treatment applications.
Introduction
The primary goals in development of drug delivery systems are to protect an active therapeutic molecule from premature degradation, enhance drug efficacy and minimize side effects. Ideally, controlled release systems can meet the criteria by maintaining the drug concentration within a therapeutic window over an extended period of time, minimizing dosage and frequency of administration [1, 2] . Stimuli-responsive hydrogel systems have been extensively studied for therapeutic delivery applications as they respond to changes in environmental conditions. The diversity of materials and unique biological and physiochemical characteristics provide a variety of potential for pharmaceutical applications.
Oral drug delivery is the ideal administration route for many therapeutic molecules, particularly for chronic diseases. The oral route is simpler, improves patient compliance and comfort and can potentially reduce cost compared to injection-based administration [3, 4] . However, oral delivery is primarily limited to small-molecule drugs. Other therapeutic molecules of interest include peptides, proteins and chemotherapeutics [3] [4] [5] . Oral delivery of these agents has been limited by low bioavailability due to enzymatic degradation and poor penetration of the intestinal membrane into the bloodstream [6] [7] [8] . Successful delivery requires innovative drug delivery techniques to overcome these obstacles, such as protection by hydrogel networks. This review focuses on hydrogel formulations for oral administration, with an emphasis on protein and peptide therapeutics, and in vitro and in vivo techniques to evaluate performance of oral delivery systems.
Hydrogels
Hydrogels are three-dimensional, polymeric networks consisting of crosslinked hydrophilic components. In certain environmental conditions, hydrogels can imbibe large amounts of water or biological fluids, while remaining insoluble. Physical integrity in aqueous media is maintained by physical crosslinks (e.g., entanglements, crystallites) and/or chemical crosslinks (e.g., tie-points, junctions) [4, [9] [10] [11] . High affinity for water absorption gives hydrogels physical properties resembling living tissues, such as a soft consistency and low interfacial tension with aqueous media. These properties match living tissues more than any other class of synthetic biomaterial and are therefore highly biocompatible for biological applications [12] . Hydrogel use thus extends beyond the drug delivery applications discussed here to tissue engineering, surface coating, contact lenses and diagnostics among others [2, [12] [13] [14] [15] [16] [17] [18] .
Hydrogel systems can be classified by a variety of characteristics: nature of polymer side groups (neutral or ionic), mechanical and structural characteristics (affine or phantom networks), as well as preparation methods (homo-or copolymer), physical structure (amorphous, semi-crystalline, hydrogen-bonded, supermolecular structures and hydrocolloidal) and physiological response to environmental stimuli (physical or chemical) [10] . Hydrogels may be composed of synthetic or natural polymers or a combination of both. Synthetic polymers have well-defined structures and allow for highly tunable mechanical properties, degradation and release kinetics. Naturally occurring polymers may have suboptimal mechanical stability and could evoke an immunogenic or inflammatory response. However, they offer the advantages of generally being nontoxic, biocompatible and have suitable physiochemical properties due to their natural origin [19, 20] .
Hydrogels possess a diversity of tunable features of the bulk structure that can be tailored for a specific therapeutic. Crosslinked hydrogel networks can protect drugs from harmful environments, such as enzymes and low pH in the stomach [21] . Chemical structure and density of a crosslinking agent determines the mesh size, ξ, and can be optimized for loading and controlled diffusion of water soluble drugs in or out of the network [10, 22] . For example, higher crosslinking density hinders polymer chain mobility, lowering the swelling ratio compared to a hydrogel of the same type with a lower crosslinking density. Incorporation of hydrophilic groups in the crosslinking agent can cause higher degree of swelling compared to those containing hydrophobic groups that collapse in the presence of water, thereby reducing hydrogel swelling. Mesh size of the swollen network affects the physical properties of the gel, such as mechanical strength, degradation and diffusion of captured molecules [10] . Reported mesh size of hydrogels in the swollen state typically ranges from 5 to 100 nm and can be optimized for sustained release of macromolecules according to their hydrodynamic radii [23] [24] [25] . Mesh size can be determined experimentally via swelling studies or by theoretical calculation [26] [27] [28] .
Stimuli-responsive hydrogels are of particular interest for oral delivery as they can respond to environmental changes to alter network structure, swelling behavior, permeability or mechanical strength and can control drug release [29] . Many different physical and chemical stimuli have been applied to smart hydrogel systems. Physical stimuli include temperature, electric field, light and solvent composition. Chemical and biochemical stimuli, such as pH, ionic strength and molecular recognition events, are more commonly exploited in oral delivery [10] .
Controlled drug delivery aims at achieving sustained concentration of a molecule, within the therapeutic window, in contrast to traditional administrations that result in a sharp rise and fall leading to toxic and ineffective levels ( Figure 1 ). Hydrogels provide a platform for protecting the therapeutics through the complex environment of the gastrointestinal (GI) tract and achieve site-specific delivery utilizing fundamental physiological changes ( Figure  2 ). The primary barriers to oral delivery of therapeutics, particularly protein and peptide drugs, are: i) inactivation in the GI tract due to denaturation by acidic pH or digestive enzymes; and ii) poor permeability through the epithelial membrane into the bloodstream [2] . The mouth, esophagus, small intestine, colon and rectum are all portions of the GI tract that have been investigated as target sites for drug delivery.
The small intestine is the most common target site due to shortest transit time and a large surface area of specialized cells, microvilli, and associated microvessels for material absorption and transportation to the bloodstream. For example, M cells are known for high transcytotic capacity and low lysosomal activity, transporting foreign material from the intestinal lumen to the immune cells of the lamina propria, and have been evaluated as optimal delivery sites and cellular targets for DNA, protein or peptide antigen vaccines [30, 31] . The potential of microvasculature to directly absorb materials for deliver to the bloodstream and for systemic delivery or transport to diseased cells is promising for a variety of diseases, such as diabetes and hemophilia. The colon has also been investigated due to lower activity of proteolytic enzymes than the small intestine. Colonic delivery has been evaluated for both local disease treatment, such as colorectal cancer [32] , and systemic drug delivery [33] . However, the colon poses additional barriers over the small intestine, such as bacterial activity, longer transit times and potential interference by fecal matter [34] .
Hydrogels provide a platform for achieving controlled therapeutic delivery to specific sites within the GI tract. Our laboratory has successfully developed complexation, pH-responsive copolymer systems that address the aforementioned barriers with immense potential in oral therapeutic delivery. These systems consist of a family of grafted copolymers that include PEG grafted on poly(methacrylic acid) (PMAA), designated as P(MAA-g-EG) and other polyacids. These complexation pH-sensitive hydrogels respond to the surrounding environment, protecting the drugs from the harsh environment of the stomach and releasing them in the small intestine.
Therapeutics
Oral delivery is desirable for a diversity of therapeutics for treatment of both systemic and local diseases. However, many drugs are not feasibly delivered in the same method as conventional small-molecule drugs. For example, protein and peptide drugs suffer poor stability in the GI tract, being subject to enzymatic degradation, acidic denaturation, low solubility and absorption [35] . Hydrogels are well suited for the oral delivery of small, hydrophilic molecules, and macro-molecular drugs (~ 400 Da to 30 kDa) [36] . Molecular size dictates diffusion of drug payload through a hydrogel network and can be addressed by engineering the network pore size, discussed in Section 2. Protein and peptide drugs are increasingly important therapeutics for a wide range of diseases due to their high selectivity and potent action. Additionally, proteins have the potential to cure diseases by replacing the missing or malfunctioning proteins that are characteristic of various diseases rather than by simply alleviating the symptoms [3] .
Both pharmaceutical industry and academic laboratories have identified therapeutic proteins where oral delivery is extremely desirable, particularly for chronic conditions. A commonly investigated protein is insulin for the treatment of diabetes. Diabetes is a disease in which the body does not produce or properly use insulin, a hormone required to convert sugars, starches and other food into energy. It affects 25.8 million people in the USA, most of whom are required to self-administer at least two daily injections of insulin to control blood glucose levels [37] . Injection has proved an effective therapy for diabetes but causes immense discomfort and noncompliance in patients, making oral delivery a desirable alternative [8] . Other proteins evaluated for oral delivery include salmon calcitonin, a model analog for human calcitonin -a hormone treatment for postmenopausal osteoporosis [36, 38] and growth hormone for treating diseases associated with stunted development and decelerated growth [36] .
Hydrophobic molecules present a different set of challenges to be addressed when designing hydrogel carriers. For example, many cancer drugs are hydrophobic, small-molecule drugs, limiting favorable interaction with hydrophilic hydrogel complexes. Oral chemotherapy treatment is extremely desirable in order to improve patients' quality of life by minimizing side effects of intravenous administration and increasing drug effectiveness [39] [40] [41] . Intravenous treatment achieves systemic delivery to both healthy and diseased tissues in an unbiased manner. Studies have demonstrated orally delivered chemotherapeutics to be effective in comparison to conventional intravenous administration [39, 42, 43] . In addition to protecting the chemotherapeutics from the GI tract, an effective strategy must also be considered for protecting the GI tract from potentially toxic effects of the drug. One strategy has been to incorporate hydrophobic moieties into pH-responsive polymer matrices to enable efficient loading and release of hydrophobic drugs, such as doxorubicin and fluorouracil [39] . Another method is to incorporate hydrophobic interpenetrating networks or nanoparticles to develop an amphiphilic polymer structure conducive to encapsulation of chemotherapeutic agents for oral delivery systems [44] .
Hydrogel oral delivery systems
Despite the challenges of oral delivery, many hydrogel systems have been developed to exploit the physiological changes through the GI tract to achieve controlled drug release. The most common strategies use the pH-gradient and/or enzyme localization for sitespecific delivery. Example systems are summarized in Table 1 .
pH-Responsive hydrogels
The pH-responsive hydrogels have become popular platforms for the oral delivery of drugs. Such systems can be tailored for drug delivery to specific organs (e.g., small intestine, colon) or intracellular vesicles (e.g., endosomes, lysosomes). For intestinal delivery, particles on the micron scale (1 -1000 μm) offer a larger surface area and are not taken up by M cells [45] . Particles on the nanoscale (50 -200 nm) are used for intestinal delivery for cellular internalization [46, 47] . Particles < 10 nm are cleared by lymph drainage [46] . Additionally, pH differences in microenvironments associated with pathological conditions, such as cancer and inflammation, can be used to trigger drug release. The two basic strategies for imparting pH-responsive behavior are incorporating: i) ionizable groups with solubility and/or conformational changes in response to environmental pH; and ii) acidsensitive bonds that cleave to release molecules anchored into the backbone [48] . Ionizable polymeric systems are pH-sensitive due to the basic or acidic pendant groups of the polymer network. Ionization of the pendant groups results in a net charge in the polymer network. Due to the electrostatic repulsions of the charged polymer network, the pores increase in size, allowing for the influx of water and increased swelling.
The pH-responsive hydrogels can be classified as anionic or cationic. Anionic hydrogels are ionized, and thus swollen, at a pH higher than the pKa of the polymer network [11, 49] . Intestinal drug delivery systems take advantage of pH-responsive anionic hydrogels to protect drugs from gastric degradation and denaturation at low pH and release drugs in specific locations, such as the upper small intestine and colon, further in the GI tract. Ionic strength of the solution also affects the swelling of pH-responsive hydrogels [50, 51] . At pH below the pKa, there is minimal effect of ionic strength on swelling, since the hydrogel is in the collapsed state. Experimental observations found that as the ionic strength increases, the degree of swelling decreases for anionic hydrogels at a pH above the pKa of the polymer network [51, 52] . Increasing the ionic strength of the solution leads to ion shielding which diminishes the degree of electrostatic repulsion of the negative carboxylic acid groups [53] .
In contrast to anionic hydrogels, cationic hydrogels are ionized at a pH lower than the pKa of the polymer network [54] . Cationic hydrogels are suited for drug release in the stomach or intracellular environments. Amino acid groups of cationic polymers impart high water solubility at acidic pH and low water solubility at neutral pH. In an oral delivery system, cationic polymers provide protection of the drug in the oral cavity (pH 5.8 -7.4) [55] , while releasing the drug in the stomach (pH 1 -3.5) [56] . Due to the low solubility at neutral pH, suppressing drug release, cationic polymers often serve as taste-masking formulations [56] [57] [58] [59] .
4.1.1 pH-Responsive hydrogels for intestinal delivery-Our laboratory largely focuses on anionic pH-responsive polymeric systems for the delivery of proteins to the upper small intestine. As previously noted, our laboratory has successful investigated a complexation hydrogel, PMAA grafted with PEG tethers, denoted as P(MAA-g-EG). Methacrylic acid (MAA) imparts pH-sensitivity due to the ionizable carboxyl pendant groups. Carboxylic acids begin to deprotonate at pH values above its pKa of 4.8, developing a negative charge in the network. The ratio of deprotonated to protonated carboxylic acid groups can be determined using the Henderson-Hasselbalch equation. (1) where pH is the environmental pH, pKa is that of the acid group, [A − ] is the concentration of deprotonated acid groups, and [HA] is the concentration of protonated acid groups. Interpolymer complexation occurs when protons of the carboxylic acid groups of PMAA backbone form hydrogen bonds with the etheric oxygen of the PEG tethers [60] .
At low pH, P(MAA-g-EG) networks collapse due to complexation. As the environmental pH increases above the pKa of 4.8, deprotonation causes disruption of the polymer complexes and ionization and electrostatic repulsion of the acid groups of the MAA backbone. The polymer network swells and the mesh size, ξ, increases due the effects of deprotonation, as demonstrated in Figure 2 . The mesh size, or the network correlation length, is the end-to-end distance of the polymer chains between junction points. The complexed, or collapsed, network has a mesh size of 70 Å, whereas that of the decomplexed, or swollen, network is 210 Å [61] . In the oral delivery route, this network is collapsed in the low pH environment of the stomach, providing protection to the drugs, and then swells in the increased pH environment of the upper small intestinal allowing for drug release.
The pH-responsiveness of P(MAA-g-EG) was first investigated by Klier et al. and Peppas and Klier further studied this polymer network for applications in oral drug delivery systems [62, 63] . An evaluation of grafted PEG chain lengths determined that PEG chains with a molecular weight of 1000 exhibited the highest degree of complexation in low pH conditions [64] . Equimolar amounts of carboxylic acid groups of MAA and etheric oxygen molecules of PEG result in the largest amount of complexation [65] . Adjusting the amount of carboxylic acid groups or other substituent groups tailors the hydrogel system for a specific pH value and, therefore, the site of drug release. Our laboratory has optimized the pH-dependent swelling behavior of P(MAA-g-EG) hydrogel systems for release targeted in the upper small intestine. Previous studies have demonstrated the successful use of this hydrogel system for the oral delivery of proteins, such as insulin [66, 67] , calcitonin [68, 69] and IFN-α [69] . Representative in vitro release of insulin from P(MAA-g-EG) microparticles can be found in Figure 3 [70] .
Another important feature that takes advantage of the pH-responsive behavior of the P(MAA-g-EG) system is release of PEG tethers. In the decomplexed state, the grafted PEG tethers are no longer hydrogen bonding with carboxylic acids of the PMAA backbone and act as mucoadhesive promoters on the surface of the polymer network. Tethered PEG chains interpenetrate the mucus layer of the small intestine, participating in physical entanglement and hydrogen bonding with the polysaccharide components [71] . Mucoadhesion increases the residence time of the carrier at the site of absorption, which promotes increased bioavailability [72] . It is important to note that pH-sensitivity is designed for targeted release of drugs in the upper small intestine, as well as triggering the PEG tethers to promote mucoadhesion at the target absorption site.
The P(MAA-g-EG) system has been successful in the delivery of hydrophilic molecules; however, modifications are necessary for the delivery of hydrophobic molecules, such as chemotherapeutics. Schoener et al. developed novel amphiphilic polymeric carriers for oral delivery of hydrophobic molecules, specifically doxorubicin, with targeted release in the colon. This system combines the pH-responsive behavior of anionic complexation hydrogels with hydrophobic poly (methyl methacrylate) (PMMA) nanoparticles incorporated into P(MAA-g-EG) networks. Increased PMMA incorporation resulted in increased doxorubicin loading levels and extended release for improved delivery to the colon [44] .
As previously mentioned, natural polymers, such as alginate and chitosan, are attractive matrices for oral drug delivery due to their biocompatibility, physiochemical properties and mild gelation conditions [73] . Alginate is a linear polysaccharide extracted from brown seaweed and is composed of alternating blocks of 1 -4 linked α-L-guluronic (G-block) and β-D-mannuronic (M-block) acid residues. The ability to form gels, particularly under mild conditions, is important for the applications of alginates as drug delivery systems. Alginates can form gels by reacting with divalent cations, such as Ca 2+ . The divalent cations bind to the negative charges of the G-blocks, resulting in a crosslinked matrix. As an anionic polymer, alginate shrinks in a low pH environment, forming an insoluble alginic acid skin [74, 75] . The alginic skin changes into a soluble viscous layer when exposed to higher pH conditions of the intestinal tract.
Modifications to alginate matrices, such as forming complexes with other polymers and coating beads, allow for greater control over the drug release profile by preventing rapid degradation of alginate at high pH [73] . Interpenetrating networks of alginate with egg albumin and gelatin crosslinked with glutaraldehyde have shown prolonged control release of cedroxil in in vitro studies [76] , and such networks have also shown promise for protein oral delivery [73] . Various studies have also used alginate as plain beads, coated beads and microcapsules for entrapping various biological molecules, including heparin [77] , hemoglobin [78] , melatonin [79] and vaccines [80, 81] . Alginate microspheres coated in serum albumin-alginate membrane were investigated in vitro for the sustained release of peptides [82] . Hébrard et al. developed alginate/whey protein microparticles coated with alginate for the intestinal delivery of probiotic yeast based on pH variations [83] . Coated beads and microcapsules are more effective as oral delivery systems [73] , and modifying the alginate matrices allows for greater control of drug release.
Another natural polymer commonly used in drug delivery formulations is hyaluronic acid (HA), which is an anionic glycosaminoglycan [84, 85] . The presence of one carboxylic group per repeat unit imparts a pH-responsiveness, and such behavior is enhanced in crosslinked hydrogel network [86] . Pitarresi et al. evaluated the pH-responsive behavior of photocrosslinked HA hydrogels for the release of thrombin [85] . Recent research found pHresponsive HA nanoparticles as a viable option for oral insulin delivery systems, showing enhanced delivery via transcellular pathway found in both in vitro and in vivo studies [87] . Fiorica et al. developed a novel derivative of HA with increased carboxylic groups to optimize the system for delivery to the colon and demonstrated pH-sensitive release using α-chymotrypsin. Future work aims to combine the pH-responsiveness of this system with HA's biological properties, such as interacting with CD44 receptors overexpressed on colon tumoral cells [86] .
Chitosan is another natural polymer that has been extensively used for drug delivery systems. Chitosan is a cationic polymer extracted from crustacean chitin [88] . Like alginate, chitosan is an attractive polymer due to its inherent biocompatibility [89] , pH-sensitivity [90] and mild gelation conditions. Due to the amino groups on polymer chain, at low pH, chitosan is protonated and dissolves easily, whereas at high pH, it is insoluble. As a result of its pH-responsiveness, chitosan has been widely studied as a delivery vehicle for chemical drugs to the stomach. However, modifications have been investigated to improve chitosan as a drug delivery system for proteins [73] .
Although chitosan can be ionically crosslinked with tripolyphosphate [91] , covalent crosslinking with dialdehydes, such as glyoxal [92, 93] and glutaraldehyde [94, 95] , chemically and mechanically reinforces the matrix. Covalently crosslinked chitosan hydrogels are more stable and more suitable for intestinal protein delivery. Further chemical modifications, such as thiolated chitosan, trimethylated chitosan, carboxymethyl chitosan and N-(2-hydroxyl) proyl-3-trimethyl ammonium chitosan, have been evaluated for oral delivery of salmon calcitonin [96] , various peptides [97] and bovine serum albumin [74, 98] , respectively. Polyelectrolyte complexes, such as chitosan-alginate, have been investigated as pH-responsive hydrogels for the oral delivery of peptides and proteins, such as hemoglobin [99] . The complexation of chitosan and alginate results in decreased porosity, which is typical of alginate-only systems, and thus reduces drug leakage [73] .
pH-responsive hydrogels for intracellular delivery-
The pH-responsive hydrogels, specifically nanocarriers, can also be tuned for intracellular release of drugs. Nanocarriers are often internalized by cells through endocytosis, which confines the particles in endosomes. The acidification of endosomes reduces the pH from ~ 7 to ~ 5, and late endosomes can also fuse with lysosomes (pH ~ 4 -5), which provides another pH variation to trigger drug release [48] . At the cellular level, nanocarriers have been designed to release drugs under endosomal and/or lysosomal pH conditions or to escape such compartment for drug release in the cytosol. Swelling can be tuned for release in the endosomal pH range, as demonstrated with a dimethylaminoethyl methacrylate-based nanocarrier for the release of DNA in the endosome [100] . A dual release system, where the nanocarriers are encapsulated in anionic microparticles, can be used for oral delivery applications.
Similarly, Zhang et al. developed a chitosan-based nanocarrier for anticancer agent methotrexate (MTX) disodium which exhibited increased swelling at endosomal pH and thus increased drug release [101] . An alternative approach using pH-responsiveness to achieve drug release in the endosome employs acid-cleavable bonds and crosslinkers. Hydrogel nanocarriers with acid-sensitive bonds in the polymer backbone, such oxime [102] and acetals [103] , have been studied for the endosomal delivery of doxorubicin, whereas use of acid-degradable crosslinkers, such as 2,2-dimethacroyloxy-1-ethozypropane [104] , have targeted release of DNA and enzymes to the endosome. Intracellular delivery in the endosomal and lysosomal compartments can be harmful to some therapeutic agents due to the low pH and enzymatic activity. Recent studies have focused on designing systems that can escape endosomes and lysosomes to allow for drug delivery in the cytosol. One key approach employs the proton sponge effect in order to increase the osmotic pressure inside such compartments leading to swelling and rupture [48, 54] . Endosomal escape has been demonstrated with nanocarriers incorporating protonatable polyhistidine segments [105] as well as chitosan-based nanocarriers due to ionization at decreased pH [106] . However, rupture of endosomes and lysosomes may potentially trigger autophagy and cell death due to leakage of enzymes [48] . Intracellular delivery systems have also been designed to buffer endosomal and lysosomal pH by incorporating aminecontaining polymers such as poly-L-lysine [107] and poly(γ-benzyl-L-glutamate) [108] .
Environmentally triggered degrading hydrogels
Enzymatically sensitive systems exploit differing enzymatic populations in physiological environments or in pathological conditions (e.g., cancer, inflammation) with altered enzyme expression profiles [48] . As mentioned previously, colon-specific delivery can be desirable for local and systemic therapeutic treatments. A common strategy to achieve colonic delivery exploits microbial enzymes predominantly found in the colon, such as reductive (e.g., azoreductases) and hydrolytic (e.g., glycosidases) enzymes [109] . Dextran hydrogels have potential in colonic-specific delivery by undergoing degradation by a dextranase, allowing release in the presence of the colon's microbial enzyme. Hovgaard et al. demonstrated the potential of dextran hydrogels for oral delivery by successfully releasing the anti-inflammatory agent, hydrocortisone [110] . Dextran hydrogels continue to be explored for delivery of peptide and protein drugs, such the peptide hormone salmon calcitonin [111] .
Incorporation of cleavable crosslinking agents is another strategy to trigger site-specific degradation. Azoaromatic bonds that act as crosslinking agents, which can be degraded by azoreductases, also targets colon-specific delivery. By synthesizing hydrogels that contain both pH-sensitive monomers and azoaromatic crosslinkers, Kopecek et al. created a system that began to swell in the small intestine, making crosslinks accessible to azoreductases by the time the particles reach the colon for protein drug release [112] [113] [114] . Similar approaches incorporate enzyme-specific peptides as crosslinking agents to achieve disease-triggered drug release for particular tissues or pathophysiological conditions. For example, cathepsin B is a protease over-expressed in tumor cells. PEG diacrylate crosslinked with cathepsinspecific diacrylated peptide was used in achieving enzyme-triggered release of the model antibodies and nucleic acids [115] . The system demonstrates potential for incorporation of other enzymatically specific peptide linkers for disease-controlled biomolecule delivery. Similar strategies can be employed for site-specific delivery in the intestine.
Evaluation of oral drug delivery systems
Systems designed to improve drug delivery through oral administration can be studied for their efficacy both in vitro and in vivo. Animal studies are essential to more closely replicate the body's complex environment, but in vitro methods provide an initial evaluation of permeation characteristics in a manner that is more cost-effective and has higher throughput, while still providing predictive power of the system's potential. A variety of in vitro and in vivo studies to evaluate drug permeability are discussed here.
In vitro evaluation
Initial in vitro analysis of hydrogels is performed to investigate and confirm desired behavior, often of the system in gastric fluids. As mentioned previously, the GI tract encompasses fluids containing different enzymes, ionic strength and pH that affect both therapeutics and the systems that deliver them. To confirm desired protection, release or degradation behavior in these harsh environments, bench-top analysis can be performed in simulated fluids that follow a standard such as those from the US Pharmacopeia [116] . Therapeutic-containing hydrogels are suspended in either simulated gastric or intestinal fluid, pH ~ 1.2 and ~ 7.5 respectively, and the amount of therapeutic or degradation products present in the supernatant is measured over time [68] . Concentration can be determined by techniques such as high-performance liquid chromatography, enzyme-linked immunosorbent assay, spectrometry, scintillation counter and others, depending on the target. To further emulate the GI environment, the experiments are often performed at physiological temperature and some are agitated [117] .
The everted sac is an ex vivo technique that has been used for measuring mucoadhesion [118] and transport [119] . In both cases, the intestine is removed, segmented, everted and filled with buffer or cell media after being sutured closed. After incubation in a suspension, the number of particles adhered and the concentration of drug in the serosal fluid are quantified for mucoadhesion and transport, respectively. This technique is limited by differences in the extracellular environment, such as lack of enzymatic activity, and poor viability of the intestine in vitro that prevents experiments longer than 2 h [120] .
Although the everted sac technique adds the intestine as a model, the viability issues and presence of attached smooth muscle prevent it from representing a healthy monolayer of cells. Utilization of cell culture offers a number of advantages: estimation of monolayer permeability, cellular metabolism, determination of transport mechanism or pathway, use of human tissue and minimization of animal studies through initial screening. These 
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Therapeutics can be transported across the intestinal epithelium monolayer either paracellularly or transcellularly. In paracellular transport, molecules diffuse between the cells but are limited by intercellular contacts called tight junctions that seal the epithelial layer together. The tight junctions are located at the apical (luminal) side of adjacent cells and consist of occludins, claudins and junctional adhesion molecules, which are three families of transmembrane proteins. A more detailed review of tight junctions is available [121] , but the regulation of these proteins plays a role in the properties of paracellular permeability. The main barriers to paracellular transport are size and charge restrictions that limit diffusive transport to only small molecules and particular ions. Paracellular, as well as transcellular, pathways are unavailable to protein therapeutics due to their large size and charged nature. A number of approaches to disrupt tight junctions and thus increase paracellular transport of large molecules have been investigated. Examples include calciumbinding agents [67] , surfactants [122] , polysaccharides [123] and poly(acrylic acid) derivatives [124] , among others [125] . These methods often increase cytotoxicity and reduce cell monolayer integrity [126] . Additionally, they are not selective for the therapeutic of interest, potentially allowing other unwanted molecules to enter systemic circulation.
Alternatively, the surface area of the cellular brush border membrane is much greater than the paracellular region, which makes it a prime target for transport. There are several transcellular pathways through the epithelium, all falling under the umbrella of transport through the cell. The simplest is passive diffusion of small hydrophobic molecules through the cell membrane and can be predicted based on the molecular weight and degree of hydrophobicity [127] . Important participants in the diffusion of these therapeutics are membrane transporters, such as P-glycoproteins, that are apically polarized efflux pumps that expel these molecules back into the lumen. P-glycoproteins have been shown to interact with antibiotics, cancer therapeutics and hormones, among others [128] . Similarly, some small molecules (i.e., glucose, amino acids, di/tripeptides) are taken up from the lumen using active carrier-mediated transport by membrane proteins for transport into the cell [129] . The last type of transport is transcytosis in which molecules of interest, often large and hydrophilic proteins, are endocytosed by the cell into vesicles that are transported to the basolateral side and merge with the membrane to dump their cargo. The protein transferrin, which binds iron for uptake, is commonly used to exploit this type of transport for therapeutics or nanoparticles as it binds to a common cell surface receptor that results in endocytosis [130, 131] .
The most common cell model of the intestine utilizes Transwell ® systems that consist of an insert with a porous 10 μm thick membrane that separates two chambers. The membrane is made of polycarbonate or polyester that is cell culture treated with a range of pore sizes available to ensure that the membrane is not the main diffusion barrier. An intestinal cell line is grown on the insert's membrane to form a polarized confluent monolayer so that it is the main diffusion barrier separating the apical and basolateral chambers, as seen in Figure  4A .
The most common cell line used in intestinal Transwell models is human epithelial colorectal adenocarcinoma (Caco-2). These cells represent the main cell type in the intestine and are widely used in evaluating the potential bioavailability of drugs in academia and industry [132] . A typical experimental result is shown in Figure 4B [130] . Monolayers are grown on the insert for approximately 21 days after seeding and before experimentation to allow differentiation into cells representative of the intestine with a brush border, directional transport and tight junctions [133] . Caco-2 monolayer development is monitored by transepithelial electrical resistance (TEER) using a chopstick electrode. The values increase and then plateau between 300 and 1000 Ω/cm 2 depending on laboratory protocols, such as media composition and variability between cell batches [134] . A higher TEER value is representative of a tighter monolayer that will reduce paracellular transport of large molecules, whereas values much lower than this range indicate monolayer disturbance or cell toxicity [135] .
Caco-2 monolayers, although widely used in modeling small intestine transport, are actually more restrictive to paracellular transport than in vivo, demonstrated by colon TEER values of 300 Ω/cm 2 [132, 136] However, a strong correlation between the apparent permeability coefficient and actual in vivo absorption indicate that accurate predictions can be made [137] . Additionally, the in vivo environment includes many other types of cells, such as the M cells found in Peyer's patches and mucus secreting cells. These cells result in a more complex transport environment with the mucus layer forming another diffusion barrier and the M cells taking up large particulates, including nanoparticles [138] . To address this deficiency, coculture Transwell systems have been developed. The human adenocarcinoma cell line HT29 is seeded onto Transwells with Caco-2 cells to produce a mucus layer [139] . HT29s differentiate into mature mucus secreting goblet cells in the presence of MTX. The viability of the coculture is most easily assessed with TEER; however, increasing ratios of HT29s cells inherently reduce TEER values compared to Caco-2 monolayers. Different HT29 subclones can be used in obtaining varying mucus layer depths [140] . However, this coculture model regularly underestimates the bioavailability of drugs when compared to in vivo results [141] .
The fusion of microfluidics and cell culture, which has resulted in 'organs-on-a-chip', promises to revolutionize many areas of biotechnology. An intestine-on-a-chip more accurately represents the intestinal environment with fluid flow over the cells grown on the porous membrane and has demonstrated additional benefits of faster Caco-2 monolayer development and inclusion of human intestine microbial flora [142] . In future, these types of systems will likely be better models of the complex physiological environment.
In vivo evaluation
Often the best representation of how a particular system will perform is in vivo. The most common animal models used are mice, rats or rabbits in a closed-loop intestine in situ model [143] or an in vivo oral dosage [66] . In the closed-loop model, the animal is fasted before being placed under anesthesia for the experiment. The small intestine is exposed through an incision in the abdomen, and the targeted segment is ligated to form a sealed intestinal tube without damaging the blood supply or muscle movement [144] . Alternatively, some procedures ligate the segment ends together to form a continuous loop to evaluate transport or uptake into Peyer's patches [80] . The hydrogel therapeutic system is then injected into the sealed intestine, which is then returned into the body cavity for the duration of the experiment (up to 4 h), while the animal remains under anesthesia [143] .
During the study, a simple analysis is the collection of blood samples to measure drug or protein bioavailability at desired time points. Additionally, the intestinal loop and other organs can be harvested and flash frozen for further analysis such as histology after sacrificing the animal [80, 145] . Microscopy can determine the system's effect on intestinal morphology as well as assess transport into intestinal tissue and systemic distribution in organs. Some therapeutics can be monitored for symptom reversal, such as insulin with blood glucose concentration [146] , hemophilia with blood clotting assays [147] and calcitonin with blood calcium levels [69] . For immunology applications, both oral tolerance and vaccination success can be evaluated by plasma antibody titers, with high levels indicating an immune response and low levels indicating tolerance [148] . Finally, radio-or fluorescent-labeling of the therapeutic or hydrogel particles allows real-time noninvasive imaging to evaluate absorption or distribution using single-photon emission computed tomography/computed tomography [149] , positron emission topography [150] and fluorescent in vivo imaging systems [151] .
Expert opinion
From the previous analysis of the recent literature, it is evident that hydrogels have a special position as oral drug delivery systems. They are excellent candidates as carriers for drug, peptide and protein delivery because: i) their three-dimensional structure allows for topological control of the solute transport; and ii) their ability to be modified by hydrophilic/ hydrophobic balance allows for better control and delay or acceleration of the drug transport. Hydrogels are particularly important as carriers for oral delivery because they can be rendered anionic, cationic or amphiphilic by appropriate copolymerization processes with ionic components. Although this incorporation of ionic moieties leads to environmentally sensitive structures, and therefore often intelligent systems, there are numerous unanswered questions concerning the hydrogels' use as oral delivery vehicles. Below, we summarize a number of important problems that need to be addressed and solved in the next few years of drug delivery research.
• Although design of hydrogel carriers is based on a three-component thermodynamic behavior (hydrogel/drug/water), design equations must incorporate the importance of other components in the studied systems, such as electrolytes.
• Intelligent systems are often designed without consideration of possible interaction of the solute (drug/protein) with other secondary components such as electrolytes, etc. The importance of changing microenvironment pH values is usually neglected or presented only in very general terms with 'spot' pH verification, without much analysis in terms of the importance of local change of the pH on transport. This is often the result of the use of standard US Pharmacopeia methods of analysis and evaluation that do not require variation of the pH, as well as FDA guidelines that recommend one specific pH where the testing is done at a representative value. It is Sharpe et al.
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• Phenomena of segregation or agglomeration of hydrogel particles are not taken into consideration, when studying drug delivery.
• Significant changes in local osmotic effects due to associated changes in salt concentration and ionic strength variations are rarely taken into consideration during design.
• Other well-known gel-related phenomena are not taken into consideration, such as Donnan equilibrium, electroneutrality of charges, and the like.
• Our knowledge of the mechanisms of drug/protein/peptide transport across an underlying mucosal or cellular structure after initial drug release is still not well understood for a large number of large molecular weight solutes.
For these reasons, future research on the development and understanding of solute transport through hydrogels under 'real' conditions must be further understood. Still, the previous analysis has shown that the so-called environmentally sensitive or intelligent hydrogels are very useful in a large number of applications and will continue to be important, especially for protein delivery. Representation of drug levels in the blood with traditional repeated dosing (solid line) and controlled delivery dosing (dashed line). Complexation hydrogels can deliver a therapeutic through the harsh environment of the stomach, protecting it from denaturation by acidic pH or digestive enzymes. Drug is released in the upper small intestine, which has a lower population of enzymes, neutral pH and a large surface area accounting for 95% of nutrient absorption, due to decomplexation and an increase in mesh size triggered by ionic repulsion and swelling of the polymer at a high pH. The colon is another commonly targeted site due to neutral pH and lower enzymatic activity. Adapted with permission from [4] . 
